Abstract. Palaeolimnological techniques were utilized to determine the extent of the effect of anthropogenic pollutants or other environmental stressors on three lake ecosystems over the last 200 years. The ecology of the study sites has experienced significant changes due to various activities such as (1) extensive catchment drainage and using poisoning as a fish management measure, (2) seepage of urban waste water due to establishment and growth of a town and (3) artificial inflow of oil-shale mining waters. Sediment geochemical composition, fossil pigments and Cladocera remains from the sediment cores were analysed to demonstrate that sufficient information can be derived from sediments to permit a historical reconstruction. The integrated use of archival maps, historical records and lake monitoring data confirmed links to anthropogenic pollutants, primarily on the catchment level. The examples show how the sediment indicators provide unique insights into the causes and temporal dynamics of lake ecosystem changes relevant for environmental management decisions. This study demonstrates that palaeolimnology has great potential to assist in eutrophication assessment and management efforts in waterbodies.
INTRODUCTION
The pollution of lakes and reservoirs constitutes a major threat to the world freshwater resources. The most widely discussed causes of water quality deterioration are the discharge of wastewater from commercial and industrial waste (intentionally or through spills) into surface waters, but also chemical contamination from treated sewage and release of waste and contaminants into surface runoff flowing to surface waters (including urban runoff and agricultural runoff, which may contain chemical fertilizers and pesticides) (Moss 2008; Yang et al. 2010) . As a consequence of this pollution the ecological state of the freshwater ecosystem may change. It is important to identify the processes that determine the ability of the ecosystem to stay within a desired state or how the slowly changing variables and abrupt impacts will determine the boundaries beyond which disturbances may push the system into another state (Scheffer & Carpenter 2003) . The resilience of the aquatic ecosystems, which we understand according to Folke et al. (2004) , is the capacity of a system to absorb disturbance and reorganize while undergoing a change so as to retain essentially the same function, structure, identity and feedbacks. Many of these responses have been non-linear, with aquatic ecosystems responding abruptly or showing a certain level of resilience to forces until a threshold is breached.
Although environmental monitoring has been essential in detecting eutrophication, biodiversity loss or water quality deterioration, the monitoring activities are limited in time and thus not sufficient in their scope to identify the causality and thresholds. The contaminants discharged to the environment are washed by rainwater, transported to aquatic ecosystems and deposited and preserved in sediments that continuously accumulate with time. Therefore the historical records of anthropogenic pollutants in aquatic environments can be reconstructed by studying lake sediments (Bindler et al. 2008; . The characterization and the quantification of the pollutants entrapped in well-dated sediment cores allow (1) the quantification of the natural content of trace elements (geochemical background) that can further be used to calculate the anthropogenic enrichment signal, (2) the evaluation of the modern pollution level with regard to natural (climate-induced) and (pre-)historical variations and (3) the assessment of the temporal evolution of the contamination and its relationship with past human activities (settlement, landuse) (Thevenon & Poté 2012) .
Distinguishing the anthropogenic and natural signals is particularly important when defining reference conditions, because inappropriate restoration targets might prove unachievable. Palaeolimnological studies increasingly show that the response of lakes to climatic and human influences are complex, multidimensional and often indirectly mediated through watershed and in-lake processes. In some instances changes have been more profound than might be anticipated from an apparently simple driver, and some lakes fail to recover fully. The EU Water Framework Directive (WFD, Directive 2000/60/EC) requires member states to establish type-specific reference conditions that will show no or minimal anthropogenic impact. For establishing these conditions the palaeolimnological approach has been used in several cases (Taylor et al. 2006; , also in Estonia (Heinsalu & Alliksaar 2009) .
A combination of the new ecosystem state and continual pressure by pollution can lead to further deterioration of a lake. Therefore it is important to identify possible regime shifts (e.g. the shift from oligotrophic to eutrophic states in lakes) and find out preventive measures for possible ecosystem management. It is also crucial to consider ecological information from several lines of evidence rather than to reduce all information to a univariate water-quality inference (Whitmore & Riedinger-Whitmore 2014) . For identifying the regime shift we need an appropriate timescale and good indicators partly provided by palaeolimnological methods. Multi-indicator palaeolimnological studies have helped to establish temporal patterns of change in ecological structure and function in response to multiple drivers such as eutrophication (Sayer et al. 2010 (Sayer et al. , 2012 Davidson & Jeppesen 2013; Bennion et al 2015) , climate (Leng & Barker 2006; Holmes et al. 2016) , hydrology and chemistry (Tropea et al. 2010) .
In this paper, we present recent sediment records from three lakes located in Estonia (Eastern Europe), for which historical monitoring data were available. According to these records, the lake ecosystems were deteriorated by various anthropogenic disturbances: (1) use of poisoning as a fish management measure and extensive catchment drainage, (2) seepage of urban waste water due to the establishment and growth of urban areas and (3) artificial inflow of oil-shale mining waters. The objective of this study is to investigate the historical pollution of three well-dated lacustrine records in order to evaluate the impact of anthropogenic pollution on ecosystem deterioration. We will focus mostly on major shifts reflected across several indicators and compare them with the historical data on land-use and lake monitoring. We will explore the usefulness of lake sediment analysis for the integrative assessment of ecosystem deterioration and the environmental management decision-making by addressing hypothetical questions for lake management.
MATERIAL AND METHODS

Studied lakes
The study sites are shallow (average depth under 4 m) and small lakes (with size below 60 ha) (Table 1 ) located in Estonia, in the eastern part of the Baltic area ( Fig. 1 ). They were selected based on the following criteria: known events of pollution confirmed by the availability of multiple monitoring data, the archival documents, maps and high sediment accumulation rates.
Lake Lohja (Fig. 1 ) was originally a clear-and softwater ecosystem with rare Lobelia dortmanna L. During the late 1960s the lake rapidly transitioned to an algaldominated, turbid state, characterized by strong cyanobacterial blooms and fish decimation (Mäemets 1968) . These changes occurred shortly after the lake management measures in 1963-64 that aimed at changing the lake conditions and fish population in order to create suitable conditions for sea trout farming. The attempt involved treatment by a toxic pesticide (bicyclic terpene) and liming with oil-shale ash. The experiment was unsuccessful; the introduced trouts did not adapt and the initial population of perch, roach and pike was replaced with carp which survived the poisoning and was dominant until the 1970s (Mäemets 1977) . Furthermore, it has been assumed that the lake quality deteriorated as (Mäemets 1968) . The cyanobacterial blooms were most severe during the 1970s-1980s; however, the lake has remained mesoeutrophic until present (Ott 2008) . There is a need to confirm the hypothesis that the unsuccesful lake management plan caused the deterioration of lake conditions. Lake Nõmmejärv (Fig. 1) represents a hard-water lake which has since 1972 become heavily influenced by discharges of alkaline oil-shale mine waters through an artificial channel. The lake was already influenced by anthropogenic activities of an army camp in the mid20th century (Marzecová et al. 2011 ). However, due to the large contents of minerogenic particles and sulphates, the mine water discharge represents a major risk factor for the lake ecosystem. Since the 1960s, the phytoplankton changes have indicated an increase in the occurrence of cyanobacteria (Ott 2006) . At present, the phosphorus concentrations in water are low; however, several other ecological factors indicate less favourable, eutrophic, conditions. In the light of the changing land management planning that could potentially lead to the closure of the water inflow that flushes through the lake, there is a need to evaluate its possible impacts on the ecological functioning of the lake.
Lake Verevi (Fig. 1) is an example of a hard-water hypertrophic lake affected by urban waste waters and intensive recreational activities. The region around the lake was sparsely populated until the opening of the railway in the 1880s, which gave an impetus for establishing a small town of Elva. The first lake monitoring survey in the 1920s characterized the ecological status of the lake as naturally moderately eutrophic . The lake trophic state has changed in the following stages: naturally mesotrophic (until the late 1950s), eutrophic (late 1950s-mid-1980s) , hypertrophic (mid-1980s-2002) (Kangro et al. 2005) . The hypertrophic conditions were characterized by a significant increase in algal productivity, strong cyano- bacteria blooms and reduced water mixing. From the 2000s, the remediation activities (reduction of external loads, removal of macrophytes, lakeshore bed cleaning) led to temporary improvements in the ecological status of the lake. However, the lake has been under the risk of nutrient loading from sediments and substantial further remediation actions have been considered . In order to evaluate the remediation and plan its future management, it is important to identify if these type of improvements have changed the lake status and are comparable with desirable reference conditions.
Sediment sampling and dating
Short sediment cores (50-70 cm) were sampled from the deepest points of the lakes with a modified Livingstone-Vallentyne piston corer. After the lithological description, the sediment cores were sectioned into 1-2 cm subsamples and placed in a cold, dark storage area until analysis. Samples for pigment analysis were stored separately under the argon atmosphere. Cladocera remains were analysed from 1 cm 3 samples of wet sediment. Material for remaining analyses was freeze-dried and homogenized. The age of the sediment was established by 210 Pb dating (Appleby 2001 ). The dating analysis was performed by a specialized laboratory (Centre for Monitoring Study and Environment Technologies, Kiev, Ukraine). All three sites were impacted in the past by multiple anthropogenic activities and showed clear changes in sedimentation regime. The age-depth stratigraphy was therefore derived in all cases using a Constant Rate of Supply (CRS) model, which was developed for sites with changes in sedimentation dynamics (Appleby 2001) . The age-depth models were verified by using information about activitydepth distribution of artificial radionuclide 137 Cs. The sediment data were analysed in parallel cores whose age-depth scales were correlated using their lithological features (e.g. Marzecová et al. 2011) .
Geochemical, pigment and Cladocera analysis
The content of organic matter and carbonates in sediment was estimated using the loss on ignition (LOI) analysis at 550 °C and 950 °C, respectively (Boyle 2004) . Sediment samples were analysed for metals using an energy dispersive X-ray fluorescence (XRF) spectrometry. The analysis was performed with a Bruker S2 Ranger XRF spectrometer at the Department of Geography, University of Liverpool according to the Boyle (2000) methodology. The sediment samples consisted of 3 g of dried and homogenized sediments. The instrument was calibrated for the sediment samples by a series of known standards (Boyle et al. 2016) . For the purpose of this study we evaluated the changes in the following elements: Ca, K, Mg, Pb, Ti, Zn and Zr. Changes in metals were investigated in terms of catchment-derived erosion and pollution (Boyle 2001) . The analysis of fossil pigments was conducted using high-performance liquid chromatography (HPLC). Analytical measurement followed the methodology by Airs et al. (2001) and for L. Nõmmejärv, by Leavitt & Hodgson (2001) . Pigment identification and quantification of concentrations were done using pigment standards from the International Agency for 14 C Determination, DHI, Denmark. Fossil pigments were used as biomarkers of lake productivity and algal blooms. Because of the differential preservation of pigments, only comparatively stable carotenoids were used in this study. Cladocera (zooplankton) remains were analysed using a light microscope following the methodology described by Szeroczyńska & SarmajaKorjonen (2007) . Species identification followed standard reference collections and descriptive manuals. Cladocera assemblages were used to infer information about lake trophic status and deterioration.
Statistical analyses
Diagrams were plotted using Tilia (version 1.7.16) (Grimm 1990 ). The Constrained Incremental Sums of Squares (CONISS) stratigraphical cluster analysis was conducted in Tilia in order to determine the periods of different environmental conditions. For this purpose all palaeolimnological data including LOI, geochemistry, pigments and Cladocera were used, making a total of 40 variables in Lake Nõmmejärv, 77 in Lake Lohja and 84 in Lake Verevi.
RESULTS AND DISCUSSION
In this study, we have evaluated the ecological changes in three lakes which were exposed to anthropogenic pressures for over a century. We shall first discuss the chronostratigraphy and individual case studies, then summarize the main changes in the trajectories of anthropogenic disturbance from the 19th to 21st centuries and finally consider the crucial anthropogenic transformations that have contributed to the changes in the ecological status in these lakes.
Chronostratigraphy of sediments from the studied lakes
In all three cases, 210 Pb showed a nearly monotonic decrease down the core, with few subtle variations (Fig. 2) Ra equilibrium corresponding to about 130-150 years of accumulation was reached at the following depths: 50 cm in Lake Lohja, 36 cm in Lake Nõmmejärv and 45 cm in Lake Verevi. In Lake Lohja, the 137 Cs profile showed only one peak from 1986 which was integrated with the 210 Pb profile. In case of deeper lakes, Nõmmejärv and Verevi, the 137 Cs dates (AD 1963 and AD 1986 ) corroborated with the CRS-modelled 210 Pb dates. The CRS-modelled mass accumulation rates (MARs), presented in Fig. 2 , show that an increase in Lake Lohja started ca 1930 and increased three-fold during the 20th century. The highest MARs of sediments were observed in Lake Nõmmejärv during the 1970s. This event was connected with the onset of the mine water discharge that brought large amounts of minerogenic particles to the lake ecosystem and influenced also the sedimentation processes (Marzecová et al. 2011) . In Lake Verevi, the MAR increase was most pronounced in 1970 during the reconstruction of the lake shores with new sand deposits .
Sedimentary data from Lake Lohja
Based on the results of the cluster analysis of all palaeolimnological data the sediment core was divided into two zones with the main shift occurring in the 1930s (Fig. 3) . The LOI 550 curve is very stable and shows no abrupt changes. The values of LOI 950 were very low (not shown in Fig. 3 ), indicating lack of carbonates (Boyle 2004) . The metal concentrations were low and stable until ca 1900. At the beginning of the 20th century, all metal profiles began to increase gradually. A three-fold increase in sediment accumulation rates (Fig. 2) , which occurred between ca 1930s and 2000, was parallelled in the synchronous increase in Ti followed by similar changes in all metals (zone L1; Fig. 3 ). The conservative Ti is typically associated with minerogenic matter, thus the changes in the Ti profile indicate increasing erosion from the catchment. Overall, the metal profiles showed similar trends between lithogenic elements such as Ti, K/Ti ratio and trace metals (such as Pb), suggesting the catchment to be the main material source of metals. The concentrations of Ca remained low throughout the core and showed a similar trend as the other lithogenic components. Cladocera assemblages indicate loss of macrophyterelated species (e.g. Disparalona rostrata, Sida crystallina and Leydigia leydigi) (not shown in Fig. 3 ) and high relative abundances of species indicative of eutrophication Bosmina (Eubosmina) coregoni and Chydorus sphaericus. The interval in fossil pigment record is characterized by a peak in β-carotene (total productivity) in the 1970s and gradual increase in cantaxanthin (cyanobacterial pigments) from the 1930s. However, the main shifts in all datasets occur already before the algal bloom period in the 1970s.
Lake Lohja -Was the poisoning of the lake the cause of the worsening of the ecological status of the lake?
Although monitoring reports tend to focus mainly on the effects of lake poisoning (Mäemets 1968 (Mäemets , 1977 , the cartographic analysis of the archival maps indicate multiple land-use changes in the catchment since the beginning of the 20th century, specifically the intensification of the drainage system (1930s and 1980s), deforestation (in the 1940s), the opening of the quarry with an inflow to Lake Lohja (mid-20th century-1990) Fig. 3 . Selected variables from the sediment of Lake Lohja in age scale and results of CONISS analysis of all data (77 variables). Loss on ignition (LOI 550) data are marked as follows: black -organic matter; grey -mineral matter. . Depth profiles of the pigment and Cladocera indicators show ecological deterioration already in the late 1930s, suggesting a steep transition to the eutrophic and algal-dominated state (Fig. 3) . At the same time, the increase in conservative metals such as Ti indicates an increase in soil erosion (Hobbs et al. 2014) . Overall, the sedimentary profiles show consistent changes before the poisoning event and connect the increase in algal production with the erosional changes. This is in agreement with many other studies from anthropogenically-transformed watersheds which linked the extensive changes in the surroundings (drainage ditching, deforestation, change in land-use) that have influenced the lake properties (Hobbs et al. 2014) . In total, the combination of the available evidence suggests that although poor lake management might have worsened the ecological status of the lake, the temporal dynamics of eutrophication and algal blooms have been primarily driven by the land-use activities in the catchment, which have been a constant source of nutrients and turbidity from eroded particles.
Sedimentary data from Lake Nõmmejärv
The sediment composition of Lake Nõmmejärv shows three distinct zones (Fig. 4) . The lowermost part of the core (zone N1, Fig. 4 ), which consists of sediments accumulated before the 1910s, is organic-rich gyttja. The first change in the element chemistry (a subtle increase in Ti and Zr) occurred already in zone N1 at around 1870. The increase in Ti, Zr and Zn becomes clearly visible at around 1910 and their concentrations continue to increase upwards (zone N2). At the same time, a gradual increase in the K/Ti ratio upwards in the core suggests the coarsening of minerogenic matter (Boyle 2001) . The greatest changes in element chemistry occur between the late 1950s and early 1970s (shift between zones N2 and N3), showing a most pronounced peak in lithogenic metals, Ti and Zr. In 1970, the period of minerogenic sedimentation is followed by a significant increase in CaCO 3 , as well as high concentrations of Ca. In addition, the uppermost sediments (zone N3) are characterized by the high Ca/Mg ratio, which can be expected in authigenic carbonates (Marzecová et al. 2011 ). In the same interval, the Pb profile shows a significant decrease, most likely due to the diluting effect caused by large accumulations of carbonates. Prior to the artificial channel (zones N1 and N2; Fig. 4) , the low values of β-carotene reflect low total productivity, although stable values of cyanobacterial pigments (echinenone, myxoxanthophyll) indicate the presence of some cyanobacterial groups in Lake Nõmmejärv. The monitored increase in cyanobacteria during the 1960s is reflected in the increasing abundance of echinenone. From the 1990s, the gradual increase in zeaxanthin, myxoxanthophyll and β-carotene indicates the rise in lake productivity. Lake Nõmmejärv -Would the closing of the inflow from the mining area restore the previous status of the lake?
Sediment data indicate that the water inflow has had multiple influences on the lake ecosystem. An abrupt increase in mass accumulation rates (Fig. 2) , increased the sedimentation of carbonates. Major shifts in sediment chemistry and pigments (Fig. 4) point to alterations in the sedimentation regime as well as in the ecological status. In terms of biological changes, the peak in pigment concentrations during the 1980s and subsequent rise in β-carotene and myxoxanthophyll suggest temporary peaks in total productivity. The comparatively low abundance of echinenone suggests that the fossil pigment record may be influenced by shifts in vegetation. As the distribution of macrophytes largely depends on the substrate conditions (Jones et al. 2012) , the changes in lake ecology may be primarily driven by the more minerogenic sedimentation. Thus, the combination of evidence suggests that in spite of the hazardous levels of minerals and sulphates, which represent a potential risk for the ecosystem, the current negative impact of the artificial channel is limited to suspended solids and silting dynamics. The inflow may also have had a positive effect on the lake ecosystem, or rather balancing the negative part. In Lake Nõmmejärv, carbonate increase is reflected in the increase in Ca values and the Ca/Mg ratio remains low, suggesting an in-lake precipitation linked to biological productivity (Marzecová et al. 2011) . Carbonate sedimentation may be considered as beneficial because lake marl acts as a phosphorus sink (Otsuki & Wetzel 1972) , in case of eutrophication processes. The shortening of the water retention time (circulation up to 40 times per year) by increased flow-through rate prevents the formation of anoxic conditions in the lake bottom. At the moment, after the closedown of Viru mine (summer 2013), the water circulation is much slower (approximately 17 times a year) (Terasmaa et al. 2014) , making the conditions more likely become anoxic. If the artificial inflow ceases completely, critical limits for water circulation can be reached, resulting in the release of phosphorus from the sediments. The water pH has also started to decline during recent years, which can be linked to the smaller proportion of alkaline mine water in the whole water budget (Terasmaa et al. 2014) . Therefore, the plan to decrease the inflow of mining water in order to make the water regime more natural, may lead to the opposite situation, i.e., deterioration of the ecosystem given that the lake has already shifted to another stable state with artificial inflow.
Sedimentary data from Lake Verevi
In the 20th century, Lake Verevi underwent significant changes in the sedimentation regime, which in the 1960s shifted from organic-rich sediment to carbonate-rich sediments. The CONISS analysis revealed three zones of change. The transition between zones V1 and V2 is marked by a stepwise increase in Ti concentrations, typical for an increase in catchment erosion (Fig. 5) . Zone V2 is characterized by an increase in Pb values, which starts ca 1930 and has a peak in the 1950s-1960s. After the 1960s, there is an increase in the K/Ti ratio, which can be associated with the coarsening of the sediment (Boyle 2001) . The most pronounced change in element chemistry is a steep increase in Ca concentrations that corresponds to the increase in carbonates. The fluctuations in the Ca/Mg ratio suggest multiple sources of carbonates. The presence of Mg in the 1960s-1980s (low Ca/Mg ratio) suggests that some of the carbonate material had been delivered from the catchment. From the 1990s, the Ca/Mg ratio increases, suggesting the predominance of authigenic calcite.
The profiles of the pigment and Cladocera indicators show the onset of increase already before the 1900s. The shift towards the Cladocera species indicative of eutrophication, such as Bosmina longirostris, Chydorus sphaericus and Bosmina (E.) kessleri, occurs already in the 1860s, slightly earlier than eutrophication indicated by fossil pigment data. The second change in the Cladocera assemblages is in zone V3, where decrease in C. sphaericus and the disappearance of macrophyterelated Cladocera (not shown in Fig. 5 ), started after the onset of remediation in 2000. Fossil pigment data revealed a slight increase in total productivity (β-carotene) and cyanobacteria (zeaxanthin) in the 1890s, confirming the results of Cladocera analysis and the suggestion that the lake experienced a period of eutrophication already in the 19th century. The most dramatic changes occurred in the uppermost zone V3. This period (1980s-2000s), for which also the monitoring data confirmed the hypertrophic status of the lake, showed an increase in the total productivity (β-carotene) and cyanobacteria (zeaxanthin), accompanied by the accumulations of carbonates (concomitant increase in carbonates and Ca). Such a significant correlation between the fossil pigment indicators for algal productivity and the CaCO 3 signal suggests that carbonate accumulations are caused by authigenic precipitation of marl due to intensive photosynthesis.
Lake Verevi -Was the effort to improve the lake status successful?
The limnological survey data considered the ecological status of Lake Verevi as 'natural' until the 1950s , but the sediment indicators had detected a series of changes already a century earlier (Fig. 5) . Temporal increase in all measured carotenoids, including indicators of total productivity and cyanobacteria, shows that the lake experienced a period of eutrophication in the first half of the 19th century. A short-lived peak in the minerogenic component suggests that the eutrophication could be connected to an erosional event. Unfortunately, the event precedes the historical records and therefore it is not possible to link the erosion and eutrophication to a certain event. Although the total algal productivity decreased by the 1880s, all carotenoid concentrations remained relatively high during the whole interval from the 1880s until the late 1970s. Alternatively, it is possible that the monitoring data underrepresented the anthropogenic eutrophication. In addition, it should be noted that some differences arise in using different proxies. The shift towards the Cladocera species indicative of eutrophication, Bosmina longirostris, Chydorus sphaericus (Fig. 5) and Bosmina (E.) kessleri, occurs already in the mid-19th century, slightly earlier than indicated by fossil pigment data. A second change in the Cladocera assemblages is a relative decrease in C. sphaericus (Fig. 5 ) and the disappearance of numerous macrophytes-related Cladocera (not shown in Fig. 5 ), immediately after the onset of remediation in the 2000s. In this sense, the Cladocera record proved to be the most sensitive in indicating the first water quality changes. In addition to Cladocera, the remediation shows also positive results in pigment records, as the values start to decrease abruptly. But as the period of improved conditions has been relatively short, it would be hasty to give a final evaluation for the possible recovery of the lake ecosystem.
The trajectories of anthropogenic disturbance in small Estonian lakes revealed from sediment studies
Overall, several lines of evidence from sediments confirm long-term changes in the productivity and ecological changes of lakes that correspond to the timing of different sources of anthropogenic pollution (Fig. 6) . In all three cases, the pigments and Cladocera data, when available, attest that lakes underwent significant changes in the communities of primary producers, changing from a low-productive system to algae-and cyanobacteriadominated systems. These findings correspond to the region-wide history of the intensification of land-use, which started in the 1930s by the mechanization of the ditching processes and was followed by the intensification of the agriculture during the Soviet collectivization of farms (Lillak 2003) . Moreover, in case of the two hardwater lakes (Verevi and Nõmmejärv), the eutrophication has resulted in changes in the accumulation of carbonates (as confirmed by high Ca concentrations as well as high LOI 950 values), a process caused by intense biological production. The precipitation of carbonates can be linked to the higher pH values during the vegetative period caused by increased primary production due to eutrophication. At the same time, increased primary production can also lead to a higher MAR of organic matter. In case of Lake Lohja, the amount of carbonates is low but still MAR increases after intensive human impact. This increase cannot be explained only by higher amounts of autochthonous organic matter as the share of organic matter does not increase (Fig. 3) .
In addition, the main commonality in the response of lakes to anthropogenic pressure is an intensification of minerogenic erosion. In all three lakes, the concentrations of measured metals were low and stable until ca 1850-1900. From the beginning of the 20th century until present, the metal profiles exhibited a higher variability and increase in concentrations. These changes are clearly visible in Ti profiles. Titanium is a conservative lithogenic element associated with mineral matter, therefore the increasing concentrations suggest an erosion from the catchment (Boyle 2001; Boës et al. 2011) . In all three instances, the changes in Ti were found to be contemporaneous with the increases in algal abundances, as evidenced by algal specific pigments, suggesting that the eutrophication of lakes can be linked with the catchment disturbance. A town was constructed on the shore of Lake Verevi at around 1900, and the catchment was affected by deforestation . The historical maps of lakes Nõmmejärv (Marzecová et al. 2011) and Lohja show that the sedimentary signatures of erosion coincide with the period of the construction of drainage ditches. The connectivity to the catchment and the erosion seem to be one of the important factors contributing to the increased productivity and algal abundance of lakes. It seems that the sedimentation rates of organic as well as minerogenic matter have increased evenly, resulting in more extensive allochthonous input due to the mismanagement of the lake catchment. In all lakes studied the MAR has decreased during last decades, showing possible signs of recovery and relief from anthropogenic stress.
The changes in metals in all three lakes were similar until the first decades of the 20th century, but as the land-use became more diversified, also the element Fig. 6 . Summary of our analysis of mass accumulation rates (MAR) of sediments (dashed line). Main zones of CONISS stratigraphical cluster analysis showed periods of different environmental conditions based on the data (solid line). The principal disturbances historically present (pink colour) for different lakes, such as drainage and fish kills for Lake Lohja , building of new streams, presence of army camps and discharge of mining waters for Lake Nõmmejärv (Marzecová et al. 2011 ) and the establishment of a railway, town and swimming area, as well as spills from ponds for Lake Verevi . The periods of remediation measures for Lake Verevi are shown in green colour. The description of the ecological status of lakes is based on lake monitoring data (Ott 2006) . signature showed differences among lakes. Typically, the intensification of agriculture, deforestation, urbanization and industrialization will cause a significant increase in the concentrations of potentially toxic heavy metals (such as Pb, Zn, Ni or Cu) in sediments (Boyle 2001; Long et al. 2010) . This is the only partial case in our study. In spite of significant changes in the catchment land-use (and also history of atmospheric pollution for oil-shale burning and intensified use of lakes for recreation), the traces of heavy metals have not greatly increased in comparision with many other sites influenced by a similar impact (e.g. Long et al. 2010) . In Lake Lohja and Lake Nõmmejärv, Pb values remained relatively low throughout the core, whereas the strong positive correlation between Pb and Ti suggests the natural origin of Pb. In Lake Verevi, Pb records show a more pronounced increase between the 1940s and 1960s, hinting at some levels of lead accumulation from anthropogenic activity. However, in this lake, the decrease in Pb values around the 1960s coincides with the dramatic increase in carbonates, hence also in this case the Pb profile needs to be interpreted with caution. Considering the significant changes in the supply of bulk erosional matter, we conclude that the mass changes in sediment composition may have diluted the more subtle variations in trace metals.
CONCLUSIONS
The understanding of the mechanisms of human impact on the functioning of different aquatic ecosystems and the recognition of threshold limits are the ultimate prerequisite for sustainable use of natural waters and environmental management. The response of aquatic ecosystems to a certain source of pollution is usually not driven by one clear process, but rather is a consequence of the whole set of contributing issues -intensive land-use practices, urbanization, etc. As the historical monitoring data can be scarce and often only major sources of pollution are recorded, palaeodata can become handy when detecting the sources and consequences of different anthropogenic impacts.
In spite of the complex history of the anthropogenic drivers, the information derived from sediment indicators broadly agreed with the monitoring and historical evidence of eutrophication, catchment erosion and pollution. Furthermore, the palaeodata identified humaninduced changes in lake ecosystems which were not recorded by monitoring and specified the onset of the events. The comparison of multi-proxy analysis of lake sediments with historical and monitoring data clearly confirms the usefulness of integrative analysis for understanding the dynamics of anthropogenic deterioration of lake ecosystem.
The sediment data extended the analysis in the past beyond the first monitoring data and helped to identify an earlier onset of cultural eutrophication, which is important for setting up reasonable reference target conditions in restoration schemes. The palaeolimnological approach revealed a significant impact of the erosion from the catchment on the deterioration of lake quality, particularly cyanobacterial blooms. In all three lakes, the signal of catchment erosion was accompanied by ecological changes -shift in algal groups (Lake Nõmmejärv), increase in total productivity (Lake Lohja and Lake Nõmmejärv), strong signal of cyanobacteria (Lake Lohja and Lake Verevi). These alterations affected also the sedimentation processes with a significance for internal biogeochemical cycling of nutrients. For example, the rise in lake productivity in hard-water lakes (Lake Verevi and Lake Nõmmejärv) resulted in the accumulation of carbonates which can be a relevant sink for phosphorus, thus serving for the mitigation of eutrophication processes. To some extent the use of complex palaeolimnological methods showed some signs of possible recovery of ecosystems (Lake Verevi).
The above-mentioned results will contribute to a better understanding of the development of lake ecosystems under increasing anthropogenic stress. They help to formulate effective regulations and measures for the recovering of lake ecosystems and preventing their further deterioration.
